articles Stiffening of the large arteries is associated with an increased risk for cardiovascular disease. Previous studies have shown that the pulse wave velocity (PWV), a measure of arterial stiffness, has an independent predictive value for cardiovascular mortality and morbidity, coronary events, and stroke in hypertensive patients and the general population. [1] [2] [3] [4] [5] More recent studies have also associated PWV with early subclinical damage of vital organs including the heart, 6,7 kidneys, [8] [9] [10] [11] [12] and brain, 13, 14 which is seen as an intermediate stage in the continuum of vascular disease and as a determinant of total vascular risk. 15 Asymptomatic lacunar infarction and albuminuria represent subclincal organ damage in the brain and kidney, respectively. Their prevalence is about 20% for the general population over 60 years of age, and increases with age and hypertension. 16, 17 Some recent reports have documented an association between lacunar infarction and albuminuria in hypertensive patients 18 and in the elderly population. 19 However, the mechanism connecting these abnormalities remains poorly understood.
Both lacunar infarction and albuminuria are considered to be manifestations of microvascular abnormalities, presumably resulting from insidious damage to the cerebral and renal microvessel walls. [20] [21] [22] Stiffening of large arteries increases pulsatile pressure and flow stresses to the arterial walls, which extend further down into the microvessels in vasodilated organs such as the brain and kidneys. 23, 24 We hypothesized that such arterial stiffening-induced hemodynamic overstrain of susceptible microvasculature may explain the simultaneous progression of damage to different target organs. Therefore, in the present study, the interrelation between cerebral and renal microvascular damage (lacunar infarction and albuminuria) was examined in a general population, and the possible involvement of large artery stiffening in this interrelation was explored.
Methods
Subjects. The present study was based on a health survey of general adults ≥50 years of age resident in Ohasama town, Japan, during [2002] [2003] [2004] [2005] . Individuals who were hospitalized, mentally ill, bedridden, or who had a past history of symptomatic stroke, or chronic renal failure (serum creatinine >1.5 mg/dl)
Background
Stiffening of large arteries increases pulsatile pressure and flow stresses, which extend to the microcirculation in vasodilated organs such as the brain and kidneys. Subclinical cerebral lacunar infarction and albuminuria, both of which are early manifestations of microvascular damage, have been shown to be potentially interrelated in hypertension and with aging, but the underlying pathogenesis remains unknown.
Methods
In a population of 351 general adults aged ≥50 years, urinary albumin/creatinine ratio (Acr), pulse wave velocity (PWV), and 24-h ambulatory blood pressure (bP) were measured, and cerebral lacunar lesions were assessed on magnetic resonance imaging (mrI).
results
Lacunar infarction was present in 86 subjects (25%). Subjects with lacunae had a higher median urinary Acr than those without (20.6 vs. 14.6 mg/g·cr, P = 0.004). The positive association between the presence of lacunae and urinary Acr remained significant in a logistic model that adjusted for covariates including age, gender, and 24-h bP (P = 0.04); the odds ratio (Or) for lacunae was 1.32 for each 1 s.d. increase in urinary Acr. However, when PWV was added to this model, increased PWV but not urinary Acr was associated with lacunae. There was a significant interaction between urinary Acr and PWV with respect to lacunae; only subjects with a high PWV above the median showed an independent association between urinary Acr and the presence of lacunae (P = 0.03).
conclusions microvascular damage in the brain (lacunar infarction) and kidney (albuminuria) appears to be interrelated in the general population. Large arterial stiffening may play a pivotal role in this cerebro-renal connection. were not eligible for inclusion. Also, patients with severe heart failure or febrile inflammatory disease, or individuals with vigorous exercise were excluded. Finally, a total of 351 subjects (252 women and 99 men; mean age, 65 ± 6 years) completed anthropometric measurements, urine and biochemical tests, measurements of PWV, and 24-h ambulatory blood pressure (BP), brain magnetic resonance imaging (MRI), and a medical questionnaire. The study protocol was approved by the Ohasama Town Government, and written informed consent was obtained from all participants.
Urine, biochemical, and basic examinations. Spot urine samples were collected to determine urinary albumin and creatinine concentrations using a latex agglutination immunoassay and an enzyme colorimetric assay, respectively. Urinary albumin excretion was quantified as the urinary albumin/creatinine ratio (ACR): ACR (mg/g·Cr) = urinary albumin concentration (mg/l)/urinary creatinine concentration (g/dl) × 100. Albuminuria was defined as a ACR of ≥30 mg/g·Cr. Blood samples were drawn to determine plasma total cholesterol, high-density lipoprotein cholesterol, glucose, hemoglobin A 1c , and serum creatinine levels using standard methods. Information on current smoking status, treatment for hypertension, hypercholesterolemia, and diabetes was obtained from questionnaires sent to the subjects before the examinations, and confirmed by trained staff on the day of the examinations. Hypercholesterolemia was defined as plasma cholesterol ≥240 mg/dl, or currently on medication for hypercholesterolemia; diabetes mellitus was defined as fasting blood glucose ≥126 mg/dl, postprandial glucose ≥200 mg/dl, hemoglobin A 1c ≥6.5%, or currently on medication for diabetes.
MRI. MRI scans were obtained using a superconducting magnet with a main field strength of 0.5 T, as previously reported. 25 T1-and T2-weighted images were obtained in the axial plane in 10-mm-thick slices for each patient. A lacunar infarct was defined as an area of focal high signal intensity with a diameter of 3-15 mm on T2-weighted images with a corresponding low signal intensity on T1-weighted images. MRI images were analyzed independently by three technical experts in a blinded manner. In the case of disagreement, a consensus reading was held. Agreement for detection of lacunar infarction was considered good in terms of kappa (κ) statistics: κ = 0.68-0.86 within an observer, and κ = 0.68-0.76 between observers.
PWV measurement. PWV was measured with the subjects in the supine position, after at least 5 min of rest, as described previously. 26 Briefly, using an automatic device (Form PWV/ ABI, Omron Healthcare, Kyoto, Japan), pressure waveforms of the brachial and tibial arteries were simultaneously recorded through plethysmographic sensors connected to the occlusion cuffs placed around the upper arms and ankles. The time difference (ΔT) in the upstrokes between the two pulse waves (right brachial and right ankle waves) was determined by the foot-to-foot method. The path lengths from the suprasternal notch to the brachium (Lb) and to the ankle (La) were estimated based on each subject's height. The brachial-ankle PWV was thus calculated as (La − Lb)/ΔT (m/s). The reliability of this device has been reported previously; a close correlation has been shown between brachial-ankle PWV and invasively determined aortic PWV. 27 The operators of the PWV measurement were blinded to the MRI results.
Ambulatory BP measurement. Ambulatory BP was monitored using an automatic device (ABPM630, Nippon Colin, Komaki, Japan), which has been validated 28 and met the criteria of the Association for the Advancement of Medical Instrumentation. 29 The device was preset to record brachial BP every 30 min for 24 h, and the mean number of valid BP readings was 42.5. Hypertension was defined as 24-h systolic BP ≥130 mm Hg, 24-h diastolic BP ≥80 mm Hg, or currently on medication for hypertension.
Statistical analysis. Data are expressed as mean ± s.d. or percentage, unless stated otherwise. Urinary ACR showed a skewed distribution and was therefore normalized by logarithmic transformation. Based on the MRI findings, subjects were classified into two groups: the group with lacunae (lacunae (+) group) and the group without lacunae (lacunae (-) group). First, the characteristics of the subjects in the two groups were compared on univariate analysis (Student's t-test or χ 2 test). Then, analysis of covariance was performed to obtain a multivariate comparison of the ACR, using all variables (except for PWV) that were found to be significantly associated with lacunae according to the univariate analysis. Subsequently, multivariate logistic regression analysis was used to evaluate the relative likelihood of lacunar infarction with relation to ACR. The natural logarithm (ln) of ACR was entered as a linear term (per 1 s.d.) into the logistic models. Three models were created using different sets of explanatory variables: (i) the same variables as used in analysis of covariance (Model 1); (ii) addition of PWV to Model 1 (Model 2); and (iii) addition of an interaction between PWV and ACR term to Model 2 (Model 3). Finally, logistic analysis (using Model 1) was repeated separately in subjects with a high PWV (≥16.1 m/s) and in subjects with a low PWV (<16.1 m/s), where 16.1 m/s was the median PWV. In this evaluation, tertiles of ln ACR were analyzed, with the lowest tertile used as the reference.
All statistical analyses were performed using SPSS software version 11.0 (SPSS, Chicago, IL). P < 0.05 was considered statistically significant.
results Table 1 shows the characteristics of subjects. Of the 351 subjects, 86 (24.5%) had brain lacunar lesions. The lacunae (+) group was significantly older, included more men, had a higher prevalence of current smokers and medications for hypertension and diabetes, and had higher 24-h BP (both systolic and pulse pressures), PWV, and ACR. Serum creatinine was higher articles Cerebro-Renal Connection and Arterial Stiffening in the lacunae (+) group, but the other biochemical parameters were not associated with lacunar infarction. Albuminuria was observed in 99 subjects (28.2%), who had a higher prevalence of lacunar infarction than the 252 subjects without albuminuria (36.4% vs. 19.8%, P = 0.001). Figure 1 shows the results of the multivariate comparison using analysis of covariance. Even after adjustment for age, gender, 24-h mean arterial pressure, serum creatinine, medication for hypertension, diabetes, and smoking, ACR was significantly higher in the lacunae (+) group. Table 2 shows the adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for lacunar infarction with various relating factors. In Model 1, higher ACR and older age were significantly associated with lacunar infarction, independently of other conventional cerebrovascular risk factors, including 24-h mean arterial pressure. The adjusted OR increased by 32% with each 1 s.d. increase in ln ACR (ln 1.11 mg/g·Cr). Replacement of ln ACR with the presence/absence of albuminuria in this model also showed an independent relation of albuminuria with lacunar infarction (adjusted OR 1.89, 95% CI 1.08-3.31, P = 0.03). Also, even when 24-h pulse pressure was substituted for 24-h mean arterial pressure as an explanatory variable, there was still an independent association between ACR and lacunar infarction (OR 1.34, 95% CI 1.03-1.75, P = 0.03). However, in Model 2, additional adjustment for PWV negated the positive association between ACR and lacunar infarction; PWV replaced ACR as an independent associating factor for lacunar infarction ( Table 2 ). The same result was observed when albuminuria rather than ACR was entered into the model; lacunes showed an independent association with PWV (OR 1.36, 95% CI 1.03-1.82, P = 0.03 for 1-s.d. PWV increase), but not with albuminuria (OR 1.68, 95% CI 0.95-2.98, P = 0.08). Substitution of 24-h pulse pressure for PWV did not affect the association between ACR and lacunar infarction (OR 1.34, 95% CI 1.03-1.75, P = 0.03). In Model 3, an interaction term between ACR and PWV was found to be associated with lacunar infarction, indicating that the relationship between ACR and lacunar infarction was dependent on PWV ( Table 2 ). In these three models, similar results were observed when 24-h ambulatory arterial mean pressure and heart rate were replaced by the casual ones that were measured simultaneously with PWV (data not shown). Figure 2 shows the adjusted ORs and 95% CIs for lacunar infarction among the ACR tertiles in subjects with a low PWV (n = 176) and in subjects with a high PWV (n = 175). In low PWV subjects (Figure 2a) , there was no significant association between ACR and lacunar infarction. By contrast, in high PWV subjects (Figure 2b) , the relative likelihood of lacunar infarction increased linearly with increasing ACR tertiles; the highest ACR tertile had a 163% increased likelihood as compared with the lowest tertile. The adjusted OR of lacunar infarction for each 1 s.d. increase in ln ACR was 1.54 (95% CI 1.10-2.17, P = 0.01) for high PWV subjects, whereas it was 0.97 (95% CI 0.58-1.64, P = 0.92) for low PWV subjects. articles
Cerebro-Renal Connection and Arterial Stiffening discussion
In the present study, the relationships among cerebral lacunar infarction, renal albuminuria, and large artery stiffening were examined in a general population. Overall, lacunar infarction and urinary ACR showed a positive association that was independent of traditional cardiovascular risk factors, including age and 24-h ambulatory BP (Figure 1 and Table 2 , Model 1). However, this association disappeared after further adjustment for PWV (Model 2), and a significant interaction was found between PWV and ACR with respect to lacunar infarction (Model 3). A subpopulation analysis showed that subjects with a high PWV, but not those with a low PWV, had a significant association between lacunae and albuminuria (Figure 2) . To the best of our knowledge, the present study is the first to demonstrate that the association between cerebral and renal microvascular abnormalities (lacunar infarction and albuminuria) is not completely direct but is mediated at least in part by large artery stiffening. Previous studies conducted in a small number of hypertensive patients 18 and in the elderly population 19 have shown an association between lacunar infarction and albuminuria that is independent of traditional vascular risk factors including brachial BP. The results of the present study in a general population provide stronger evidence than those of the previous studies, 18, 19 because the present study used 24-h ambulatory BP rather than clinic BP as a potential covariate, which is known to be better related with target organ damage. 30, 31 Furthermore, the present study found that the association between lacunar infarction and albuminuria was dependent on arterial stiffness. This finding extends our previous observations, 12, 14 indicating that large artery (macrovascular) stiffening is related not only to each individual organ damage of the brain and kidneys (i.e., lacunar infarction 14 and albuminuria 12 ) but also to the mutual link between these organ damage (i.e., cerebro-renal connection).
Both cerebral lacunar infarction and renal albuminuria are considered to represent microvacular damage. Asymptomatic lacunar infarction is presumed to result from occlusion of single, small, perforating arteries (≈40-200 µm in diameter) supplying the deep subcortical areas of the brain. 32 Albuminuria is attributable to elevated hydrostatic pressure of the glomerular capillaries and increased vascular permeability. 21, 22 The cerebral perforating arteries and renal glomerular capillaries are the microvessels that are exposed to high tensile pressure and shear flow stresses because of their distinctive anatomical features, and, therefore, particularly susceptible to hemodynamic alterations. Pulsatile pressure and flow stresses are not absorbed in the upstream dilated arteries of organs with high resting flow, such as the brain and kidneys, and extend deeply into their vulnerable microvessels. 23, 24 Stiffening of large arteries further increases the pulsatile stresses due to increased aortic characteristic impedance and early return of wave reflection, and it could eventually lead to microvascular damage. 5, 23, 24 This hypothesis seems quite compatible with the present finding that the articles Cerebro-Renal Connection and Arterial Stiffening association between lacunar infarction and albuminuria was observed only in the presence of increased PWV. Alternately, it is possible that albuminuria induces large arterial stiffness through endothelial dysfunction, 10 and thereby causes lacunar infraction.
In the present study, cerebral lacunar infarction was evaluated on MRI. Pathological findings corresponding to lacunar infarction are reported as lipohyalinosis of the perforating end arterioles and, in some cases, as localized microatheroma at the origin of the deep perforating arterioles. 32 Although we cannot completely rule out the possibility that branch atheromatous disease might be included in the lacunar lesions observed in the present study, most of the asymptomatic lesions were relatively small in size, likely attributable to lipohyalinosis resulting from local pressure overload. It has also been reported that not only lacunar infarcts but also white matter lesions are markers of cerebral microvascular diseases that are visible on MRI. However, our preliminary examination found no independent association between white matter lesions and albuminuria (data not shown), suggesting different pathogenic mechanisms between lacunar infarction and white matter lesions. 19, 33 The present study does have some limitations. One might point out that our hypothesis is not completely in line with the current finding that pulse pressure was not involved in the association between cerebral infarction and albuminuria. However, the brachial pulse pressure used in this study is known to differ from the central pulse pressure that would better reflect the pressure applied to arteries of central internal organs. 5, [34] [35] [36] Arterial stiffening increases central pressure without proportional increases in brachial pressure. Numerous studies have shown that arterial stiffness as measured by PWV is a cardiovascular marker and predictor that is independent from and superior to conventional brachial pressure. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Other limitations to the present study include the use of random one-spot urine ACR to determine albuminuria. Urinary ACR is known to vary with some external influences, including exercise and posture, but this epidemiological health survey did not allow us to examine the reproducibility. However, recent studies have confirmed that even single random urine sampling can be useful for screening and predict cardiovascular mortality. 17, 37 Also, the inclusion of patients treated with various drugs might have affected the results, although appropriate statistical analysis was used to adjust for such medication effects. Multivariate analyses based on the relatively small sample size of this study might have concealed potential effects of traditional cardiovascular risk factors (including age and diabetes) on microvascular damage, whereas the results suggest that those effects could be mediated, at least in part, through large arterial stiffening. In addition, use of the brachial-ankle rather than the gold-standard carotid-femoral PWV might have had some influence, whereas the former has also been reported to provide information on central, as well as peripheral, arterial stiffness, [10] [11] [12] 27, [38] [39] [40] and to correlate well with the latter. 40 Finally, due to its cross-sectional nature, the present study does not allow us to establish a definite cause-and-effect relationship between large arterial stiffening and microvascular damage. Prospective studies are required to confirm the mechanistic hypothesis.
In conclusion, the present study showed an arterial stiffnessdependent association between lacunar infarction and albuminuria in a Japanese general population. This result indicates that large arterial stiffening plays a pivotal role in connecting microvascular impairments of the brain and kidneys. Simultaneous damage progression in different target organs might be mediated by systemic arterial stiffening, which is accelerated by age and hypertension. Future studies are needed to test whether reducing arterial stiffness can contribute to reduction in total vascular risk through preventing and regressing such target organ damage.
